Abstract Organic molecular beam deposition is studied systematically at thermal and hyperthermal regimes aiming at investigating the role of molecular kinetic energy on the growth mechanism of pentacene submonolayers on SiO x /Si. We show that the kinetic energy of the impinging molecule (E k ) plays a crucial role in determining island structure and shape, distribution of island sizes, the crystalline quality of the first monolayer, and even the growth mode of subsequent layers. With increasing E k , the island structure changes from fractal to nonfractal, the shape becomes more anisotropic and the island size more uniform, pointing to correlated island growth. Moreover, while 3D island growth is observed for thermal organic molecular beam de- position, supersonic molecular beam deposition gives rise to layer-by-layer growth, at least for the first two layers. When E k ≥ 5.0 eV, the first monolayer is composed of large single crystalline domains which can extend over up to 10 μm, inferred from comparing atomic force micrographs of height and net transverse shear force. In these growth conditions both the high surface diffusivity and energy redistribution play a major role. We propose a mechanism where the energy dissipation occurring during the molecule-surface collision leads to the reorientation of whole islands during island coalescence, resulting in the elimination of grain boundaries.
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Introduction
In comparison to other organic semiconductor materials, pentacene, exhibiting a high hole mobility of 5.5 cm 2 /Vs [1] in thin-film-based field-effect transistors (OTFTs), is widely regarded as one of the most promising candidates for plastic electronic application [2, 3] . The charge carrier mobility is a crucial factor for the performance of electronic devices and previous studies have demonstrated that it is highly sensitive to the crystallinity of pentacene thin films, i.e., to grain size [4, 5] , defect density [6, 7] , and crystal polymorph [8, 9] . Most studies have focused on the interface between pentacene and the SiO 2 surface because, on one hand, the first layer acts as a template for subsequent layer growth and therefore determines the quality of successive pentacene layers and, on the other hand, the layers closest to the interface form the charge transport channel in OFETs [10] .
Organic molecular beam deposition (OMBD), where pentacene is sublimed from a Knudsen cell, is so far the most commonly used method for growing thin films; however, recently supersonic molecular beam deposition (SuMBD) has proven to be a valuable alternative for this purpose [11, 12] . In the past few years, several studies based on OMBD grown pentacene layers have demonstrated that the pentacene grain size can be modulated via changing the deposition rate, the substrate temperature or modifying the substrate surface with organic self assembled layers [13] [14] [15] [16] [17] . However, for SuMBD grown pentacene thin films, it is more straightforward to change the grain size by tuning the pentacene kinetic energy (E k ) within the molecular beam. In recent studies on pentacene nucleation and growth, we showed how the pentacene critical nucleus size changes with the kinetic energy of the impinging molecules during the early phase of pentacene growth on SiO 2 /Si [18] . Here we extend this investigation to better understand the correlation between E k and island morphology. Three different molecular beams were chosen producing pentacene at kinetic energies of 3.3, 5.0, and 6.4 eV. OMBD films of similar coverage were grown for comparison. All samples were prepared with similar growth rate on hydrophilic SiO 2 /Si at room temperature. Ex situ tapping mode atomic force microscopy (TM-AFM) was used for investigating the sample morphology, and transverse shear microscopy (TSM) was employed to study the crystallinity of the first monolayer. We find that the correlated island growth becomes more pronounced with increasing E k , i.e., the island structure changes from fractal to nonfractal. Although all investigated pentacene monolayers were polycrystalline, the single crystal grain size strongly depends on the kinetic energy of the impinging molecules and reaches ∼10 μm when the samples are grown at E k = 6.4 eV.
Experimental methods

Substrates and substrate preparation
SiO x layers of ∼3-4 nm thickness, as measured by ellipsometry (Nanofilm Technology GmbH, Germany), were prepared by wet chemical oxidation of 10×10 mm 2 samples cut from a silicon wafer (Si (100), p-type with boron dopant, resistivity 1 to 10 cm −1 , purchased from Silicon Quest International, USA). The as-cut substrates were cleaned by sonication in deionized water (Milli-Q, 18.0 M ) and acetone for 15 min, and then kept in boiling acetone for 15 min. The chemical oxidation process included the following steps: Si wafer cuts were immersed for 30 min in H 2 SO 4 :H 2 O 2 = 1:3 solution, heated to 65°C. After repeated rinsing with copious amounts of deionized water, the samples were transferred to HCl + H 2 O 2 (1:1) piranha solution, heated to 25°C for 15 min. Finally, samples were rinsed with deionized water and dried under nitrogen flow. The typical root-mean-square surface roughness was determined to be ∼0.5-1 nm by atomic force microscopy in tapping mode (TM-AFM), by which we also noticed the presence of a few bright spots (area density of ∼2.5 × 10 7 /cm 2 ), presumably due to contamination. Surface contact angles were measured in air using the sessile drop method [19] in a custom built microscope-goniometer system. A 1.25 μl drop of deionized water was deposited onto the freshly prepared SiO x /Si substrate surface and the contact angle measured after 60 seconds. All substrates gave contact angles of 35 ± 2 • .
Pentacene and pentacene film growth
Pentacene (Sigma Aldrich, Corp., USA) was further purified by vacuum sublimation under a temperature gradient [20] . The purification was performed at 430 K for 70 h in the dark to protect against the UV degradation. The purified material was stored in the dark and low vacuum before use.
One set of pentacene samples was prepared by organic molecular beam deposition (OMBD) as described in [21] . The deposition rate was 0.4 Å/min, as measured by a quartzcrystal microbalance. The substrate was kept at room temperature during deposition.
Three sets of pentacene samples were prepared by SuMBD as described in [22] , with pentacene impinging on a surface area of ≈10 mm diameter, for different exposure times at room temperature. The molecular beam was carefully characterized on-line in terms of chemical purity, flux, and energy distribution by combining time of flight mass spectrometry (ToF-MS) and multiphoton ionization spectroscopy. We chose an operating regime where no clustering effects [23] and no detectable contaminants were present in the supersonic beam. The typical flux was about 6 × 10 11 pentacene molecules/(s·cm 2 ), estimated by cross correlating the ToF-MS spectra at different kinetic energies of the beam with those of the Knudsen source used as a standard. For the three deposition conditions chosen, the average molecular E k was 6.4, 5.0, and 3.3 eV, as deduced from the molecules' flight time. The growth rate was nearly the same for all three beams, amounting to about 1 ML in 45-50 min as estimated from ex situ TM-AFM measurements. This corresponds to approximately 0.3 Å/min, a rate comparable to the one for OMBD growth.
AFM characterization
Samples were imaged by ex situ TM-AFM (Multimode Scanning Probe Microscope, Veeco Metrology Group, USA) with a silicon tip with nominal radius less than 10 nm. We selected five scanning regions around the center of the deposition area and fixed the scanning size to 10 × 10 μm 2 . The detailed analysis of AFM data was carried out with the WSxM software (version 8.7, Nanotec Electronica S.L., Spain, see [24] ). The statistical analysis of the AFM data was performed with the help of specific software (Origin 7.0, OriginLabs Inc., USA).
We also employed AFM to perform transverse shear microscopy (TSM) [25] [26] [27] , where a silicon nitride tip (NP-20 Veeco Metrology and Instrument, USA) with a spring constant of 0.58 N m −1 is scanned in contact parallel to the cantilever's long axis. By mapping the variation in transverse shear force, we could qualitatively determine the crystallinity of a single molecular island or of the whole monolayer. 10 × 10 μm 2 TSM images were collected in parallel with the TM-AFM height images for samples grown by OMBD and SuMBD presenting a nearly completed first monolayer.
Results and discussion
Figure 1 presents TM-AFM micrographs illustrating the morphology of pentacene layers corresponding to ∼0.3 ML coverage and resulting from different growth conditions. All SuMBD samples ( Fig. 1(b-d) ) consist typically of lobular islands with smooth edges, while the OMBD sample ( Fig. 1(a) ) is characterized by islands with rougher edges and by the presence of smaller dendritic islands, as minority species. If one ignores the minority species, the samples grown by OMBD ( Fig. 1(a) ) and by SuMBD with E k = 3.3 eV (Fig. 1(b) ) are rather similar, as they both show a larger average island size and lower nucleation density than the samples grown by SuMBD at E k = 5.0 eV and E k = 6.4 eV, shown in Figs. 1(c) and 1(d), respectively.
The nucleation density (N ) as a function of the kinetic energy of the impinging molecules, plotted in Fig. 2(a) , quantifies this observation. To derive N , the molecular island number was averaged from five AFM images collected in different regions on each sample. For the sample grown with E k = 6.4 eV, N is ∼57% higher than for the OMBD sample and ∼45% higher than for the SuMBD sample grown at E k = 3.3 eV. It is only ∼5% higher than for the SuMBD sample grown at E k = 5.0 eV. We suggest that this difference is due to a different molecular surface diffusivity due to the different growth regimes. In fact, the experimental evidence indicates that a pentacene monomer with high E k (≥5.0 eV) may sample many adsorption sites before being adsorbed or desorbed with roughly equal probabilities to either integrate into the preformed islands or form a new nucleus on the empty surface in between islands. For samples grown with pentacene at low E k , such as in OMBD and SuMBD with E k = 3.3 eV, the probability for an incoming monomer to irreversibly integrate into the preformed molecular islands becomes dominant with respect to forming a new nucleus in an empty substrate region [21] . Additionally, in our previous study of SuMBD grown pentacene on silicon oxide [18] , we found that three pentacene molecules are needed to form a stable island in the growth regime where E k > 5-6 eV, whereas four molecules are needed for E k < 5-6 eV. Obviously, the probability that three free molecules with high surface diffusivity aggregate is higher than that for four free molecules with lower diffusivity. This is the basic mechanism that explains the high nucleation density with a dispersive nuclei distribution observed in the growth regime for E k ≥ 5.0 eV at low coverages.
We calculated the average island size for each sample from the sum of five island area histograms obtained from four AFM images collected in different regions of each sample. The sum histograms are presented in Fig. 2(b) , and the average island size is derived by fitting the data with a lognormal function (also shown). We found average island sizes of 0.129 μm 2 ± 0.002, 0.116 μm 2 ± 0.001, and 0.108 μm 2 ± 0.001 for SuMBD samples with E k = 3.3, 5.0, and 6.4 eV. An average island size of 0.216 μm 2 ± 0.066 was determined for the OMBD sample.
From Fig. 2 one infers that the island size distribution becomes narrower and peaked at smaller values as E k increases. This trend towards a more uniform island size is characteristic of a changeover towards correlated island growth as proposed by Pratontep et al. [28, 29] , where the overlap area of the capture zones of neighboring islands is large.
Another important issue that we investigated is the role played by the kinetic energy of the impinging pentacene molecules in determining the island shape. To this end we considered the islands at low coverage where coalescence has not yet started (see Fig. 1(a-d) ) and determined the fractal dimension for each growth condition. The island frac- tal dimension (D f ), as illustrated in Fig. 3(a-d) , is calculated by the area-perimeter relationship P = kA D f 2 , proposed in [30] , where P is the island perimeter, A its area, k a scaling constant and D f the fractal dimension. The mean D f turns out to be decreasing from 1.40 ± 0.05 for the SuMBD samples grown at E k = 3.3 eV to 1.39 ± 0.04 for those deposited with E k = 5.0 eV and 1.30 ± 0.03 for the layer formed when E k = 6.4 eV. The data points become more scattered as E k decreases (see Fig. 3 ) due to the larger dispersion in island size distribution, but the D f values never approach those typical of a fractal island structure (D f = 2), in agreement with the island morphology observable in Fig. 1 . For the islands grown by OMBD, the mean D f cannot be correctly derived by one linear fit since the presence of two types of islands (see discussion Fig. 1(a) above) causes a much larger scattering of the data points. However, as shown in Fig. 3(d) , if two different linear fittings are carried out for the majority and the minority species islands, one obtains a large mean D f = 1.69 ± 0.05 for the small dendritic islands (reversed filled triangles in the figure) and D f = 1.60 ± 0.05 for the data corresponding to the larger islands (labeled by filled diamonds). Dendritic or fractal islands occur naturally during growth in systems where island edge diffusion is restricted. Figure 4 shows TM-AFM micrographs of layers obtained with the same deposition conditions as in Fig. 1 but for longer deposition times. When the coverage increases up to ∼0.5-0.65 ML, island coalescence is observed for all samples (Fig. 4(a-d) ). Line scans (not shown) reveal that [21] . In contrast, second-layer nuclei are extremely rare for all SuMBD samples. Close to the completion of the first monolayer (see Fig. 4(e-h) ), all pentacene islands are connected to each other via coalescence, and grain boundaries appear. For all samples, the monolayer height is 1.5 ± 0.2 nm, confirming that pentacene molecules stand almost upright. Second-and third-layer nuclei, typical of Vollmer-Weber growth mode, are now very clearly visible for the OMBD sample. While a few second layer islands are also present on top of the first layer of SuMBD samples grown at E k = 3.3 eV (Fig. 4(f) ), SuMBD samples produced at higher E k hardly show any second-layer nuclei. This is a strong indication that at high E k the diffusivity of pentacene, after landing on the top of the first-layer islands, is sufficiently high to always sample the island edge, and its energy is large enough to overcome the edge barrier or "Schwoebel barrier" [31] , which otherwise hinders the impinging pentacene from moving down to the substrate. Additionally, we often observe an island shape as shown in the inset of Fig. 4(d) with an angle of ∼82 • formed by two island edges, i.e., an angle very close to the one formed by the a-b lattice vectors in the pentacene (001) crystal plane [32] . This suggests that the molecules can sample different adsorption sites before finally attaching to the island, and the island shape can become more anisotropic due the molecular diffusion along the island edges.
To learn more about the quality of the first monolayer and to determine the size of single-crystal domains we carried out TSM studies. The OMBD sample ( Fig. 5(a, b) ) shows a typical polycrystalline structure with random in-plane orientation of the single-crystalline domains in the first monolayer. The domain size reaches 1-2 μm that corresponds closely to the average size of isolated pentacene islands before the onset of coalescence. The coalescence process seems not to influence the orientation alignment of merging islands (see arrows in Fig. 5(b) ), in agreement with previous findings [27] so that a large number of grain boundaries is present in the first monolayer [33] . The second-layer islands, which cover about 1/5 of the monolayer, show a typical dendritic shape with a mean fractal dimension D f = 1.60 ± 0.06, 1 and most of them are composed of several crystalline domains.
The SuMBD sample grown at E k = 3.3 eV (Fig. 5(c, d) ) displays larger single-crystalline domains (see arrows in Fig. 5(d) ) with more regular shape and sharp edges. The islands have merged after coalescence, and hence the number of grain boundaries is smaller than in the OMBD grown sample. Furthermore, in the second layer, covering about 1/4 of the first one, the mean fractal dimension of the islands is noticeably lower (D f = 1.40 ± 0.06, see footnote 1) than in the OMBD sample, as observed also for the first monolayer (Fig. 3) , and the percentage of single-crystalline islands much higher.
In the film grown at E k = 6.4 eV (Fig. 5(e, f) ) the size of single-crystal domains in the first monolayer increases dramatically. The largest single-crystalline domain within the 10 × 10 μm 2 scanning area, indicated by the arrow in Fig. 5(f) , spans ∼10 μm. The second layer covers about 1/3 of the monolayer, and all of its molecular islands not only are larger and have a smaller D f = 1.31 ± 0.08 (see footnote 1) than those of the other two samples, they also show a single-crystal structure. It is interesting to note that the shape of the island in terms of mean fractal dimension seems to be influenced by the kinetic energy much more strongly than by the nature of the substrate (silicon oxide for the first monolayer and pentacene for the second monolayer). There is a strong indication that, for the highest E k , the majority of the second-layer islands grows epitaxially on the underlying crystal domain since they show the same friction force contrast. This implies that the island growth is highly correlated at high E k , with a mechanism that favors orientation alignment of the islands before and during coalescence. On the basis of our experimental evidence and in particular in order to explain the generation of the observed large domains, we speculate that the reorientation of entire islands 2 is part of the energy dissipation mechanism characteristic of SuMBD growth. Theoretical studies would be helpful to further clarify this question.
Conclusions
We have demonstrated that the kinetic energy of pentacene molecules, landing on a silicon oxide surface, plays a crucial role in determining island structure, shape, size distribution, and even the quality of the first monolayer and of upper layers. With increasing E k , in the low-coverage regime, the islands revert from a fractal to a nonfractal structure, and the island shape becomes more anisotropic due the molecular diffusion along the island edges, while the much narrower island size distribution demonstrates a correlated island growth mode. The crystalline quality of the first monolayer is greatly improved when E k ≥ 5.0 eV presenting very few grain boundaries. To explain the formation of singlecrystalline domains spanning over 10 μm in the monolayer, we propose a mechanism of reorientation of entire islands during coalescence as part of the energy dissipation induced by the high kinetic energy available at the impact.
